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The detailed mechanism(s) by which porcine reproductive and respiratory syndrome virus (PRRSV) impairs alveolar Mø
homeostasis and function remains to be elucidated. We used differential display reverse-transcription PCR (DDRT-PCR) to
identify molecular genetic changes within PRRSV-infected Mø over a 24 h post infection period. From over 4000 DDRT-PCR
amplicons examined, 19 porcine-derived DDRT-PCR products induced by PRRSV were identified and cloned. Northern blot
analysis confirmed that four gene transcripts were induced during PRRSV infection. PRRSV attachment and penetration alone
did not induce these gene transcripts. DNA sequence revealed that one PRRSV-induced expressed sequence tag (EST)
encoded porcine Mx1, while the remaining 3 clones represented novel ESTs. A full-length cDNA clone for EST G3V16 was
obtained from a porcine blood cDNA library. Sequence data suggests that it encodes an ubiquitin-specific protease (UBP) that
regulates protein trafficking and degradation. In pigs infected in vivo, upregulated transcript levels were observed for Mx1
and Ubp in lung and tonsils, and for Mx1 in tracheobronchial lymph node (TBLN). These tissues correspond to sites for
PRRSV persistence, suggesting that the Mx1 and Ubp genes may play important roles in clinical disease during PRRSV
infection. © 1999 Academic Press
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Porcine reproductive and respiratory syndrome (PRRS)
s prevalent in Europe, North America, and Asia, and
eads to significant economic losses in the swine indus-
ry. PRRS virus (PRRSV), the causative agent, was iden-
ified in 1991 in the Netherlands (Wensvoort et al.,1991)
nd in 1992 in the United States (Collins et al.,1992).
RRSV infection presents as reproductive failures
hrough premature farrowing and/or interstitial pneumo-
ia characterized by alveolar wall thickening with mac-
ophage (Mø) and necrotic cell debris. PRRSV is a small
nveloped RNA virus of the family Arteriviridae (Conzel-
ann et al., 1993), order Nidovirales (Cavanaugh, 1997),
nd contains an approximately 15 kb positive strand RNA
enome. PRRSV structural proteins encoded from open
eading frames (ORF) 2 to 7 were identified as glycopro-
ein (GP)2 (29–30 kDa), GP3 (45–50 kDa), GP4 (31–35
Da), major envelop protein (E; 24–26 kDa), a viral mem-
rane protein (M; 18–19 kDa), and a nucleocapsid (N; 15
Da) (Meulenberg et al., 1996; Meulenberg et al., 1995;
an Nieuwstadt et al., 1996). The E protein is strongly
ytotoxic via induction of apoptosis in vitro (Sua´rez et al.,
996). As yet, the functions for GP2, GP3, and GP4 have
ot been elucidated.
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152Arteriviridae replicate primarily within Mø, and porcine
lveolar Mø are a primary target cell for PRRSV replica-
ion in vivo (Molitor et al., 1996; Wensvoort et al., 1991).
RRSV replication in alveolar Mø is associated with
ytopathic effects (CPE; Rossow, 1998). PRRSV infection
ecreases alveolar Mø release of superoxide anion
Thanawongnuwech et al., 1997) and the number of al-
eolar Mø in the lung (Plana et al., 1992). It is presumed
hat altered alveolar Mø function is linked to the apparent
ncreased incidence of pulmonary bacterial co-infections
n PRRSV-infected herds (Kobayashi et al., 1999; Thana-
ongnuwech et al., 1997). The high incidence of respi-
atory microbial co-infection in chronically infected herds
uggests that PRRSV interferes with host Mø activities
sed to clear respiratory pathogens. However, the mo-
ecular pathways by which PRRSV infection disrupts nor-
al Mø homeostasis have not been elucidated.
Once an intracellular pathogen such as a virus in-
ades a host cell, the interactions become physiological
nd biochemical as well as immunological. Pathogens
hat replicate within host cells usurp host biological
rocesses for their own benefit. In response, the host
ell manipulates gene expression to inhibit those path-
ays or processes required or induced by the pathogen.
iruses in particular subvert host cell metabolism in such
way that viral components can be synthesized via host
ell pathways to initiate viral replication. Viral particles,
iral components, and virus-induced cellular factors all
ave the potential to alter host cell gene expression.
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153MACROPHAGE VIRAL RESPONSE GENESolecular genetics and cell biology can be implemented
o define the specific host cell molecules and cellular
omponents with which virus-encoded molecules inter-
ct.
Differential display reverse transcription polymerase
hain reaction (DDRT-PCR) is a powerful approach used
o directly compare gene expression between cells or
issues at specific physiological states (Bhattacharjee et
l., 1998; Liang et al., 1992). DDRT-PCR provides an
nbiased mRNA fingerprint for direct observation of
DNAs PCR amplified to different levels reflective of
elative transcript levels within a total RNA sample. By
sing a reverse transcription/PCR primer that anchors on
he nucleotide just 59 of the poly(A) tail, DDRT-PCR spe-
ifically reverse transcribes only a subset of the mRNAs.
CR is then performed using the 39-anchor primer and
n arbitrary 59 primer to amplify 100–400 fragments of the
DNAs generated by reverse transcription. Recently,
DRT-PCR has been used to describe host cell genetic
esponses to infection by pseudorabies virus (Hsiang et
l., 1996), cytomagolovirus (Zhu et al., 1997), HIV (Sorbara
t al., 1996), herpes simplex virus (Tal-Singer et al., 1998)
nd rhabdovirus (Boudinot et al., 1999). We hypothesized
hat PRRSV infection alters alveolar Mø homeostatic
ene expression, leading to compromised host defenses
n the lungs of infected animals. The effect of PRRSV
nfection on alveolar Mø gene expression was therefore
bserved by monitoring changes in gene expression
sing DDRT-PCR. We identified 19 porcine Mø-derived
DRT-PCR amplicons induced during a 24 h in vitro
nfection period. Many of these transcripts appear to
ncode previously unknown gene products. Further, we
onfirmed that four of these genes are induced during
RRSV infection, and are induced in vivo in tissues
FIG. 1. PRRSV replication in PRRSV-infected alveolar Mø. RT-PCR wa
negative PCR control without RT mixture. M is 100 bp DNA ladder. Ahere PRRSV persistently resides, suggesting that they Day provide insight for understanding host cell molecu-
ar responses during PRRSV pathogenesis.
RESULTS
RRSV replication and altered gene expression
n alveolar Mø
Alveolar Mø were infected using PRRSV strain VR2332
m.o.i. 5 0.1) in vitro. CPE was not observed until 16 h
ost infection and was less than 10% at 24 h post infec-
ion. At 72 h post infection, CPE was more than 70% (data
ot shown). To identify differentially expressed mRNAs
uring PRRSV infection, we collected total cellular RNA
rom mock- and PRRSV-infected porcine alveolar Mø at 4,
2, 16, and 24 h post infection. PRRSV genome replica-
ion was confirmed via RT-PCR detection of accumulation
or ORF 7 sequences of PRRSV genomic RNA (Fig. 1).
RRSV ORF 7 transcript levels increased with time, dem-
nstrating active viral genomic replication in alveolar Mø.
Mø mRNAs differentially expressed during PRRSV in-
ection were detected by DDRT-PCR comparison against
ock-infected alveolar Mø at various times post infec-
ion. For each DDRT-PCR primer pair, duplicate RNA
amples from each time point were reverse-transcribed,
CR amplified, and fractionated on adjacent lanes to
nsure DDRT-PCR accuracy and reproducibility. Repre-
entative DDRT-PCR reactions are shown in Fig. 2.
RRSV infection induced (Fig. 2A) or suppressed (data
ot shown) several alveolar Mø transcripts. Using 16 of
he possible upstream various septamer H-AP primers
GenHunter), over 4000 DDRT-PCR products were visu-
lly compared for band intensity. Twenty DDRT-PCR
roducts that were reproducibly induced (. twofold dif-
erence compared to mock-infected cultures) in both
rmed with 59primer/39primer (PRRSV ORF 7-specific primers). Blank is
dicates the PCR product (508 bp).s perfoDRT-PCR reactions for a given RNA sample during a
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154 ZHANG ET AL.4 h PRRSV infection in vitro (Table 1). All differentially
xpressed DDRT-PCR products were extracted from
crylamide gels, reamplified, and cloned into pBluescript
KII (Stratagene). DDRT-PCR amplicons that showed al-
ered levels in only one of two identical samples were
ot considered further.
mplicon sequence analysis
To determine whether DDRT-PCR clones were derived
rom porcine cellular genes or from the PRRSV genome,
ll 20 PRRSV-induced DDRT-PCR amplicons were se-
uenced. One DDRT-PCR clone encoded a portion of the
RRSV ORF2 (data not shown) and was removed from
urther study. Only 5 of the remaining 19 PRRSV-induced
ranscripts matched previous GenBank submissions (Ta-
le 1). Our particular DDRT-PCR application utilizes a
everse transcription primer anchored at the last nucle-
tide 59 to the poly(A) tail, and PCR conditions that favor
mplification of 200–400 bp amplicons. As expected for
hort cDNAs derived from the 39 end of mRNAs, no
ignificant open reading frames or known conserved
rotein functional domains could be detected in the
FIG. 2. Differential display of alveolar Mø mRNA during PRRSV
nfection in vitro. Total RNA was extracted from mock- and PRRSV-
nfected alveolar Mø, and analyzed in duplicate by DDRT-PCR. A se-
ected comparison is shown. Filled arrows indicate amplicons showing
eproducible altered expression associated with PRRSV infection. A
ollow arrow denotes a non-reproducible amplicon. The DDRT-PCR
rimers used were A) H-T11G and H-AP3; and B) H-T11A and H-AP5.RRSV-induced, novel cDNAs. Clone G12V24 repre- pented the porcine Mx1 cDNA as determined by 99%
ucleotide sequence similarity. Mx1 is a previously de-
cribed interferon-inducible protein with allelic associa-
ion to viral resistance/susceptibility phenotypes in mice
Horisberger, 1995).
onfirmation of DDRT-PCR results
DDRT-PCR is a powerful approach to identify and iso-
ate uniquely expressed genes (Liang and Pardee, 1992),
ut it is a semi-quantitative technique with a high false
ositive rate and artifacts. Template abundance, primer
equence specificity, primer availability, PCR cycle num-
er, and amplification efficiency can each affect DDRT-
CR amplicon accumulation. Therefore, in addition to
imultaneously comparing duplicate RNA samples and
DRT-PCR reactions, it was necessary to confirm the
xpression patterns observed in the DDRT-PCR profiles.
ll 19 PRRSV-induced porcine Mø DDRT-PCR clones
ere screened by Northern blot analysis against total
ellular RNA from mock- and PRRSV-infected porcine
lveolar Mø. Three clones gave no signal on Northern
TABLE 1
PRRSV-Induced DDRT-PCR Amplicons
Clone
DDRT-PCR
levels (24 H)a
Insert
size (bp) Identity or similarity (%)Mock PRRSV
2V16-22b 1 11 255 Novel ESTc
2V16-23 1 11 188 Novel EST
4V12-22 1 11 187 Bovine aS1-casein (84%)
5V12-11 2 111 214 Novel EST
12V24-11 1 111 307 Novel EST
12V24-21 1 11 307 Novel EST
3V16-11 1 11 188 Novel EST
3V16-32 1 11 252 Novel EST
7V16-11 1 11 238 Novel EST
7V16-31 1 11 259 Human thioredoxin (87%)
7V16-41 1 11 341 Bovine NADH-ubiquinone
oxidoreductase (93%)
7V16-52 1 111 436 Human galactin-3 (90%)
12V16-21 1 11 352 Novel EST
2V12-11 1 11 208 Novel EST
3V16-11 1 111 240 Novel ESTd
4V12-11 1 11 290 Novel EST
12V24-11 1 11 316 Novel EST
12V24-12 2 111 317 Porcine Mx1 (99%)
13V16-21 1 11 264 Novel EST
a The intensity of the DDRT-PCR products was graded visually from
DRT-PCR gels exposed to film. Relative band intensity is denoted 1
o 111, and 2 denotes no DDRT-PCR product.
b Clones in bold were subsequently confirmed by Northern blotting to
e induced by PRRSV infection of porcine alveolar Mø.
c DDRT-PCR amplicons were considered novel ESTs if they had ,
0% identity over a continuous 100-bp sequence.
d Clone G3V16 was subsequently determined to encode a ubiquitinrotease.
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155MACROPHAGE VIRAL RESPONSE GENESlot analysis (data not shown), suggesting that they were
ither cloning artifacts or represented sequences ex-
ressed at levels too low to detect by this technique. Our
revious experience has shown that as many as 40% of
DRT-PCR clones require more sensitive RT-PCR or ri-
onuclease protection assays (RPA) for quantification
Bhattacharjee et al., 1998). An additional 12 PRRSV-
nduced DDRT-PCR clones showed less than twofold
nduced expression on Northern blots (data not shown)
nd their expression was not further investigated. The
our remaining DDRT-PCR clones were confirmed by
orthern blot analysis to be induced by PRRSV infection
Fig. 3). All 4 transcripts were induced by PRRSV infec-
ion, exhibited distinct expression levels, and were of
ifferent sizes (data not shown). These data support that
ach clone was derived from a transcript representing a
nique amplicon.
Temporal accumulation of the molecular markers iden-
ified by DDRT-PCR during PRRSV infection was deter-
ined. Total cellular RNA was isolated from alveolar Mø
rom 0 to 36 h after treatment with medium alone, con-
itioned medium from CL2621 cells used to generate
nfectious PRRSV preparations, UV-irradiated PRRSV, and
RRSV. Transcripts detected by DDRT-PCR clones
5V12, G3V16, G2V12, and G12V24 increased concomi-
ant with PRRSV replication (Fig. 3). Transcripts detected
y A5V12, G2V12, and G3V16 were not detected until 16 h
ost infection, whereas G12V24 transcripts were induced
s early as 8 h post infection (Fig. 3). Gene transcripts
ere not induced in medium control cultures or in Mø
reated with CL2621 cell-conditioned medium. Impor-
antly, Mø infected with UV-irradiated PRRSV, which can
FIG. 3. Temporal transcript expression in PRRSV-infected Mø determi
ock- and PRRSV-infected Mø at 0 - 36 h post infection, and hybridized
PMI 1640 with 10% fetal bovine serum. CL2621 denotes cultures rece
ultures receiving UV-inactivated PRRSV infection. GAPDH transcriptsind to and penetrate Mø but not replicate, did not mxpress detectable levels for any of the transcripts ex-
mined (Fig. 3). Together, these data indicate that active
RRSV genomic replication within Mø is required for
nduction of gene expression for these selected ampli-
ons.
ommon molecular responses of porcine alveolar Mø
To determine whether the DDRT-PCR clones identified
nd characterized from PRRSV-infected Mø were specific
o this pathogen or instead result from a general viral
esponse molecular program, transcript expression was
etermined for porcine alveolar Mø infected with pseu-
orabies virus (PRV) in vitro. As was observed for PRRSV,
ll 4 transcripts were induced by PRV infection (Fig. 4).
owever, the kinetics of expression were different. Tran-
cripts appeared sooner and peak expression levels
ere higher compared to PRRSV-infected cultures, per-
aps reflecting the more severe disruption of Mø ho-
eostasis and CPE for PRV (data not shown). Further,
ranscripts for G2V12 dissipated by 24 h in PRV-infected
ultures, suggesting that it is only transiently expressed
y virally-infected cells. Thus, induction of these tran-
cripts appears to reflect a generalized Mø molecular
esponse to intracellular viral replication.
dentification of a full-length cDNA clone
To further characterize PRRSV-induced porcine Mø
enes, a porcine peripheral blood cell cDNA library was
creened using clone G3V16 as a probe. A phage clone
as isolated via plaque lift hybridization and contained
n insert (1.7 kb) of approximately the same size as the
Northern blot. Total cellular RNAs (10 mg per lane) were collected from
t DDRT-PCR cDNAs as shown. Medium indicates cultures treated with
nly supernatant from mock-infected CL2621 cells. UV-PRRSV denotes
uantitated to normalize for RNA loading.ned by
agains
iving oRNA (data not shown), suggesting that it contained a
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156 ZHANG ET AL.ull-length cDNA. DNA sequence determination (Acces-
ion number AF134195) of the isolated cDNA clone con-
irmed that it contained a full-length coding sequence,
hich included a 39 untranslated region (UTR, 572bp),
oding sequence (966 bp), and a 59 UTR (172bp). De-
uced amino acid sequence identified a conserved Cys
omain (block entry, BL00972A) and a His domain (block
ntry, BL00972D) (Fig. 5A), which are thought to act as
ctive sites for ubiquitin-specific proteases (UBPs;
ilkinson, 1997). Further, a GenBank data search and
nalyses by Blast (NCBI, NIH) and FEX (Find exon pro-
ram, Sanger Center, UK) indicated that a putative hu-
an homolog is located at chromosome 22q11.2. The
utative human UBP has eight ORFs derived from ap-
roximately 15 kb of genomic DNA (Fig. 6). The amino
cid similarity and identity of porcine UBP with the pu-
ative human UBP were 81% and 75%, respectively (Fig.
B). These results indicate that porcine UBP is a novel
ember of an UBP superfamily, and suggest that intra-
ellular protein trafficking, turnover or degradation may
e altered during PRRSV infection of porcine alveolar
ø. The identities or putative function for PRRSV-induced
STs A5V12 and G2V12 have not yet been established.
issue specific expression in in vivo PRRSV-infected
nimals
To determine whether expression of DDRT-PCR prod-
cts identified in vitro reflected events during PRRSV
nfection in vivo, we examined tissue-specific expression
f DDRT-PCR amplicons in PRRSV-infected pigs. Whole
FIG. 4. Northern blot analysis in PRV-infected alveolar Mø in vitro. Ov
0.1). Total cellular RNAs (10 mg per lane) were collected at the indica
ybridized against the indicated DDRT-PCR cDNAs. M is mock infectioissues were collected at 14 days post infection from 2 lRRSV-infected pigs and 2 mock-infected pigs. Quanti-
ative RT-PCR demonstrated the presence of PRRSV
enomic RNA in lungs, lymph nodes, and tonsils (data
ot shown). Tissue RNAs from identically treated animals
ere pooled to minimize animal-to-animal variation, and
T-PCR was performed for 14 and 17 cycles, which we
ave determined is in the linear range of amplification
data not shown). Products were transferred onto mem-
ranes for Southern blot analysis via hybridization to
DNA probes for porcine Mx1 and Ubp (Fig. 7). PCR
mplicon levels for each tissue sample were normalized
o HPRT amplicon levels, and normalized values for each
issue were compared between mock- and PRRSV-in-
ected animal (Fig. 7). Porcine Ubp transcripts were
reatly upregulated during PRRSV infection in the lungs
4.5-fold) and tonsils (11.4-fold), but were reduced 30% in
BLN from PRRSV-infected animals. In contrast, Mx1
ranscripts were greatly induced in all three tissues (Fig.
). Taken together, these data show (1) constitutive ex-
ression for these genes in vivo; (2) tissue-specific reg-
lation of gene expression; and (3) PRRSV-induced up-
egulation of transcript levels in tissues where PRRSV is
ersistent.
DISCUSSION
PRRSV infection causes significant losses in the swine
ndustry, in part due to poor growth associated with
nterstitial pneumonia (Rossow, 1998). PRRSV infection in
ivo is thought to be a contributing factor that results in
ncreased secondary pulmonary bacterial infections fol-
cultured porcine alveolar Mø were infected with PRRSV or PRV (m.o.i.
es, fractionated by electrophoresis, transferred to nylon supports, and
DH transcripts were quantitated to normalize for sample loading.ernight
ted timowing impairment of Mø function in the lungs. Toward
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157MACROPHAGE VIRAL RESPONSE GENEShis end, recent evidence describes slightly impaired
illing of Haemophilus parasuis and Staphylococcus au-
eus by PRRSV-infected alveolar Mø (Solano et al., 1998;
hanawongnuwech et al., 1997). However, conflicting
ata exists. While PRRSV-infected Mø demonstrate re-
uced reactive oxygen product formation (Done and Pa-
on, 1995; Thanawongnuwech et al., 1997) and late-stage
nhibition of bacterial phagocytosis (Solano et al., 1998),
hagocytosis of opsonized S. aureus (Thanawongnu-
FIG. 5. Conserved domains and human homology of porcine UBP am
ontains Cys residue and His residue in ubiquitin-specific protease (UB
dentity with porcine UBP with other members in these two domains. Th
93008; UBP41-human, AF079564; UBPY-human, P40818; UBP41-mouse
BP8-yeast, P50102; UBPF-yeast, P50101; UBPB-schpo, Q09738; UCH-p
f conserved domain in UBPs. (B) Alignment of porcine UBP amino acid
NCBI, NIH) was performed for the entire G3V16 cDNA sequence. Furth
omolog. Human sequence was derived from genomic DNA sequenc
sterisks denote translational stop.ech et al., 1997) or H. parasuis (Segale´s et al., 1998) is Wot impaired. Pro-inflammatory cytokine gene expres-
ion, including TNF-a, IL-8, IFN-a and IL-1b does not
ppear to be significantly altered (Buddaert et al., 1998;
rebichavsky and Valicek, 1998; Zhang and Rutherford,
997). Further, a systemic impairment of host immunity
uring persistent PRRSV infection is not supported (Al-
ina et al., 1998). Hence, we have used a DDRT-PCR
RNA fingerprinting approach to identify molecular re-
ponses during PRRSV infection of porcine alveolar Mø.
ids. (A) Positions of the conserved amino acid sequence domains that
erfamily are shown in standard single letter code. Bold letters indicate
ed gene accession numbers are: UBPH-human, Q93009; FAFX-human,
9565; UBP41-chicken, AF016107; FAF-flies, A49132; UBPE-flies, Q24574;
, AL021889. Numbers in parentheses are the amino terminus position
putative human UBP homolog with Gap program (GCG). Blast search
(find exon, http://genomic. sanger.ac.uk/) was used to find the human
05500). Letters in bold denote the conserved Cys and His domains.ino ac
P) sup
e align
, AF07
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and a
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e (AC0e now report that PRRSV infection alters host Mø gene
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158 ZHANG ET AL.xpression programs, including a ubiquitinated protein
egradation pathway and the induction of novel genes of
nknown function.
Molecular characterization of PRRSV infection will per-
it us to identify and isolate important host cell molec-
lar responses associated with PRRSV infection. How-
ver, it is clear from our in vivo studies (Fig. 7) that factors
ithin individual tissues can impact the molecular phe-
otype of the tissues and the infected cells therein.
urther, temporal effects in vivo are difficult to gauge on
per cell basis due to the continuous influx of immune
ells through secondary lymphoid organs and inflamma-
ory sites, leading to asynchronous infection times. The
n vivo molecular status of a tissue reflects a wide range
f effects, particularly for tissue Mø that display signifi-
ant functional and molecular heterogeneity between
issues and stages of differentiation (Rutherford et al.,
993). Consistent with this premise, PRRSV tropism for
FIG. 6. Putative human Ubp gene structure. Eight exons were mappe
s the start codon and TGA is the stop codon.
FIG. 7. RT-PCR analysis of gene transcripts in vivo during PRRSV inf
TBLN), and tonsils from PRRSV-infected pigs were used to perform RT
data not shown). RT-PCR products were analyzed with Southern blot u
hown are the ratio of signal intensities for each amplicon compared to HPRø is greatly dependent on Mø origin, state of differen-
iation, and level of activation (Duan et al., 1995; Molitor
t al., 1996). Thus, tissue-specific regulation of Mx1 and
bp gene expression is not unexpected, and may reflect
hanges in the number of tissue macrophages. Further,
hile these gene transcripts were identified in Mø cul-
ures, the cell(s) that express these transcripts in vivo
nd their spatial distribution in relation to virus-contain-
ng cells await elucidation.
Initial experiments used both cell culture medium and
L2621 cell-conditioned medium as control treatments
or confirming DDRT-PCR results. This was necessary in
hat PRRSV viral stocks were propagated using the
L2621 cell line. Our results showing that CL2621 con-
itioned medium or UV-inactivated PRRSV stocks did not
nduce Mø expression of these genes suggests that
omponents within the CL2621 cell culture supernatant
tself do not account for our DDRT-PCR findings. On the
man genomic DNA from 1 to 8. Each solid box indicates an exon. ATG
Total cellular RNAs (2 mg) from lungs, tracheobronchial lymph nodes
PCR was performed for 14 and 17 cycles which is in the linear range
icated DDRT-PCR clones. Mock denotes infection with PBS. Numbersd in huection.
-PCR.
sing ind
T for the same tissue RNA sample.
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159MACROPHAGE VIRAL RESPONSE GENESther hand, PRRSV attachment and penetration also
ikely impacts host cell gene expression. Again, our data
uggest that PRRSV attachment and penetration alone
as not sufficient to induce expression of the four genes
xamined here (Fig. 3). This is in contrast to Zhu et al.,
1997) who reported that human cytomegalovirus in-
uces host cell mRNA accumulation via original viral
articles and not viral replication in host cells. Recently,
oudinot et al., (1999) reported that a glycoprotein from
emorrhagic septicemia virus (VHSV) in fish directly in-
uced vig-1 gene expression. Failure to observe attach-
ent-induced transcripts may be due to the fact that,
ompared to actively infected cultures, a lower percent-
ge of host cells experience viral attachment and pene-
ration in cultures treated with UV-inactivated PRRSV
m.o.i. is 0.1), with subsequently fewer attachment-in-
uced transcripts being present in these cultures. A
igher titer infection may help identify viral attachment
ffects on host cell transcripts. We are also incorporating
more sensitive RT-PCR screening for DDRT-PCR clones
hat do not detect transcripts by Northern blot screening.
inally, we have used only 16 of the possible 80 DDRT-
CR primer pairs, and further characterization of addi-
ional DDRT-PCR clones may also reveal transcripts al-
ered as a direct result of PRRSV attachment.
Interferons (IFN) play an important role in host defense
gainst viruses, in part via the induction of cellular genes
Staeheli, 1990; Zhu et al., 1997) that include Mx genes.
he Mx1 gene was originally isolated as a viral resis-
ance gene from mice (Lindenmann, 1964) having two
lleles, Mx1 (resistant, dominant) and Mx- (susceptible,
ecessive). Mx1 gene homologues have been described
n other mammalian species, including pigs (Horisberger
nd Gunst, 1991). Mx1 inhibits primary transcription of
arental influenza viral genomes in mice (Krug et al.,
985). In humans, the Mx1-encoded MxA protein is in-
uced by type I IFNs, double-stranded RNA, and several
iruses, including influenza virus and Newcastle disease
irus in human embryonic cells (Aebi et al., 1989) and HIV
n monocytes (Baca et al., 1994). We now report that
RRSV infection of Mø induces porcine Mx1 expression,
ither directly or subsequent to PRRSV-induced IFN pro-
uction in infected cultures.
The kinetics of Mx1 gene activation are very fast, and
xA accumulation is detectable within 4 h post infection
Horisberger, 1995), consistent with our observations.
he functional significance for porcine Mx1 gene expres-
ion in PRRSV infection is unknown. Based on Mx1
ctivities in other species and PRV induction of Mx1
xpression in porcine Mø, this gene product is likely to
e involved in host cell protection against viruses in
eneral, either following infection directly or via IFN
eleased by neighboring cells which harbor the virus.
owever, Mx1 mRNA accumulation did not prevent
RRSV or PRV replication in porcine alveolar Mø. Thus,ts importance during PRRSV infection, maintenance of aø homeostasis, and development of CPE is unclear. It
s interesting to note a recent report that describes pig
reed differences in tissue lesions to a high virulence
train of PRRSV (Halbur et al., 1998). It is presently
nknown whether Mx1 alleles exist in pigs and whether
hey associate with viral resistance/susceptibility pheno-
ypes as observed in mice (Lindenmann, 1964).
UBP comprises a protein superfamily in which more
han 60 UBPs have been identified in different species
Wilkinson, 1997). Identification of a PRRSV-induced UBP
s the first such protein described in pigs. UBPs specif-
cally hydrolyze ester, thiol ester, and amide bonds to the
arboxyl group of G76 of ubiquitin in which ubiquitin
onjugates with target proteins that will be degraded by
roteasome 26 (Hochstrasser, 1995; Goldberg, 1995;
ickart, 1997). Ubiquitin modification and deubiquitina-
ion by UBPs is increasingly recognized as important
rotein regulatory strategies that impact cell cycle regu-
ation (Pagano, 1997), cellular growth modulation (Zhu et
l., 1996), transcription activation (Trier et al., 1994), an-
igen presentation by MHC class I (Rock et al., 1994), and
NA repair and differentiation (Hochstrasser, 1995). Por-
ine Ubp gene expression induced by PRRSV may be
nvolved in regulating protein metabolism via a ubiquitin-
onjugated pathway. This could benefit the host cell in
hat removing ubiquitin from host proteins prevents them
rom being moved to the proteasome, helping to maintain
ø protein levels in the face of viral disruption of host
ranslation. Conversely, the virus may induce UBP to
revent newly synthesized viral proteins from being de-
raded. Finally, Ubp gene induction may disrupt Mø
ntigen presentation, thereby compromising host im-
une responses to subsequent bacterial challenge.
By sequence data analysis, we determined that por-
ine Ubp is homologous to a putative human Ubp that is
ocated at the DiGeorge critical region (DGCR) on chro-
osome 22q11 (Fig. 6). The recently identified Ufd1 gene
ncodes a protein involved in degradation of ubiquiti-
ated proteins (Yamagishi et al., 1999), suggesting that
egulation of ubiquitinated protein degradation contrib-
tes to congenital heart and craniofacial defects in the
ouse embryo (Yamagishi et al., 1999). The detailed
olecular mechanism by which PRRSV infection leads to
ow abortion is unknown and porcine Ubp may play a
ole in fetal death. However, similar cardiac and cranio-
acial defects in PRRSV-aborted fetuses have not been
eported.
We adopted an unbiased approach to directly identify
nd capture affected host genes to extend our under-
tanding of PRRSV-Mø interactions. DDRT-PCR has been
sed to characterize host cellular gene expression in
ther viral systems, including pseudorabies virus
Hsiang et al., 1996), human herpes simplex (Tal-Singer
t al., 1998), HIV (Sorbara et al., 1996), and human cyto-
egalovirus (Zhu et al., 1997). Together, these studiesnd our data suggest that the interactions between vi-
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160 ZHANG ET AL.uses and host cells can be delineated via DDRT-PCR
loning of novel genes and subsequent characterization
f gene expression involved in the altered host cell
omeostasis.
MATERIALS AND METHODS
ells, viruses, and pigs
Six- to eight-week old pigs were selected from healthy
nd PRRSV-negative pig populations. Alveolar Mø were
ollected by lung lavage (Lee et al., 1996). Lungs were
ashed 2–4 times with phosphate-buffered saline (PBS,
H 7.2). Each wash was centrifuged at 1200 rpm at 4°C
or 10 min. Cell pellets were mixed, washed again in PBS,
nd then resuspended in 20–50 ml of RPMI 1640. Mø
ere incubated overnight at 37°C, 5% CO2 in RPMI 1640
edium supplemented with 10% fetal bovine serum, 1
M L-glutamine, 0.1 mM nonessential amino acids, 25
M HEPES, and antibiotics before viral infection.
ATCC PRRSV strain VR2332 (passage 9, 5 3 106 PFU/
l) and CL2621 cell culture supernatant were obtained
rom Dr. K. S. Faaberg (University of Minnesota). PRRSV
uspension (m.o.i. 5 0.1) or medium was inoculated after
ashing Mø monolayers. For UV inactivation, PRRSV
tock placed in a 10 cm-diameter petri dish was irradi-
ted using an UV-Crosslinker (Stratagene Corp., La Jolla,
A) with 120 mJ/cm2 for 15 min. Pseudorabies virus (PRV)
train 086 was used to infect porcine alveolar Mø (m.o.i.
0.1) in vitro.
For in vivo infection, six-week-old pigs obtained from a
RRSV seronegative farm were infected intranasally with
05 TCID50 of PRRSV strain VR2332 or PBS as a control.
erum samples were collected at Day 0, 2, 5, 7, 10, and
4 post-infection, and stored at -80°C (data not shown).
issues were collected at 14 days post-infection and
mmediately placed into TRIzol (Life Technologies, Grand
sland, NY) reagent and frozen in dry ice/ethanol. All
issues were stored at 280°C until used.
otal cellular RNA isolation and Northern blot
nalysis
Total cellular RNA was extracted from alveolar Mø
ultures and tissues using TRIzol Reagent (Life Technol-
gies) according to the manufacturer’s protocol. RNA
ntegrity was evaluated on 1% agarose gels with formal-
ehyde (0.4 M) after staining with ethidium bromide. For
DRT-PCR analyses, trace genomic DNA contamination
as removed with MessageClean (GenHunter Corp.,
ashville, TN) before performing reverse transcription.
or Northern blots, total cellular RNAs (10 mg per lane)
ere fractionated on 1% agarose-0.4 M formaldehyde
els, transferred to nylon membranes (Schleicher &
chuell, Keene, NH), and cross-linked using a UV-
rosslinker (Stratagene). The cDNA probe was labeled
y random primer labeling (Life Technologies) following ohe manufacturer’s protocol. Hybridization was carried
ut at 42°C in 10 ml of solution containing 5 x SSPE, 50%
ormamide, 0.5% SDS, 5 x Denhardt’s reagent, and 100
g/ml sonicated salmon sperm DNA overnight. The hy-
ridized membrane was washed twice with 2 x SSC/0.1%
DS for 15 min at room temperature, followed by 0.1 x
SC/0.1% SDS at 55°C for 20 min. Blots were exposed to
ilm overnight at -80°C or quantitated by phosphorimag-
ry (Molecular Dynamics, Sunnyvale, CA).
ifferential display assays
DDRT-PCR was performed as previously described
Bhattacharjee et al., 1998). First-strand cDNAs (20 ml)
ere synthesized for each RNA sample separately using
ne of three H-T11M anchor primers (where M is G, A, or
, GenHunter Corp.), 0.2–0.4 mg total cellular RNA, 4 ml
x RT buffer, 20 mM dNTPs, and 200 U of Superscript II
everse transcriptase (Life Technologies) at 42°C for 1 h.
CR reactions (10 ml) were performed using the RNAim-
ge Kit (GenHunter) and contained 1 x PCR buffer, 2 mM
NTPs, 0.2 mM 59 H-AP primer/39 H-T11M anchored
rimer, 0.15 ml [a-33P] dATP (2500 Ci/mM, Amersham), 1
l reverse transcription product, and 1 U AmpliTaq DNA
olymerase (Perkin–Elmer). The PCR cycling profile was
4°C for 2 min, [94°C for 30 s, 40°C for 2 min, 72°C for
0 s] for 40 cycles, then 72°C for 5 min. Denatured
DRT-PCR products were loaded onto a 6% denaturing
olyacrylamide DNA sequencing gel, and run for 3.5 h.
he gel was blotted onto filter paper, dried under vacuum
n a gel dryer at 80°C for 1 h, and then exposed to film
t room temperature for 16–24 h. Amplicon intensities
ere compared visually for each infection time across
uplicate samples, and differentially expressed ampli-
ons were prepared as described (Bhattacharjee et al.,
997). Briefly, bands were excised from acrylamide gels,
laced in 100 ml of dH2O for 10 min, and then boiled for
5 min. DDRT-PCR products were collected by centrifug-
ng for 2 min and stored at 220°C. Reamplified cDNAs
ere purified from the 2% agarose gel using the QIAEX II
it (Qiagen Corp., Chatsworth, CA), and then stored at
20°C for cloning and hybridizing analysis.
DRT-PCR Amplicon cloning and sequencing
Reamplified DDRT-PCR products were ligated into the
coRV site of pBluescript SKII (Stratagene) using a mod-
fied T-A cloning approach and recombinant clones were
dentified by colony PCR (Bhattacharjee et al., 1997).
riefly, cleaved vector was purified by GENECLEAN (Bio
01, Inc. Vista, CA), and a 39-thymidine residue was
dded with AmpliTaq DNA polymerase (Perkin–Elmer)
nd dTTP at 72°C for 2 h. Reaction mixtures were treated
y T4 DNA ligase at 15°C overnight, and non-ligated
ector was purified from 1% of agarose gel. DDRT-PCR
mplicons were ligated with T overhang vectors at 15°C
vernight, transfected into XL1-blue cells (Stratagene).
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161MACROPHAGE VIRAL RESPONSE GENESlasmid DNA from clones with insert was prepared by
iniprep (Qiagen). DNA sequencing was performed on
n Applied Biosystem 377 Automatic DNA sequencer
Perkin–Elmer) in the Advanced Genetic Analysis Center,
ollege of Veterinary Medicine, University of Minnesota.
equences were analyzed by a BLAST search (NCBI,
IH). The accession numbers are: AF102503 for clone
5V12, AF102504 for clone G3V16, AF102505 for clone
2V12, AF102506 for clone G12V24 and AF134195 for
orcine Ubp.
everse transcription PCR assay
Reverse transcription (20 ml) was performed as above
sing total cellular RNA (2 mg). The reaction was stopped
y heating to 70°C for 10 min, and RT products were
reated with RNase H (Promega Corp., Madison, WI) for
0 min at 37°C. PCR reactions (25 ml) were performed
ith RT product (1 ml), 10 x PCR buffer, 25 mM dNTPs, 0.2
M each of 59 primer and 39 primers, and 1 U of Ampli-
aq DNA polymerase (Perkin–Elmer). The primer pairs
sed were: Mx1: 59 primer GCTTGAGTGCTGTGGTTG/39
rimer GGACTTGGCAGTTCTGTGGAG; Ubp: 59 primer
GGGGCCAAGCTCATGTGAC/39 primer GTGGCCAG-
ATACCATCTCC. Primer sequences and PCR profile for
orcine hypoxanthine phosphoribosyltransferase (HPRT)
ave been described (Foss et al., 1998). Each cDNA was
mplified for 14 cycles and 17 cycles (linear range, data
ot shown). Amplicons were analyzed by Southern blot
ybridization against DDRT-PCR probes. Signals were
uantified by phosphorimagery (Molecular Dynamics).
solation of cDNA clones
A pig cDNA library (kindly provided by Dr. C. W. Beat-
ie, University of Minnesota) prepared from peripheral
lood cells and cloned in Uni-ZAP XR Vector (Stratagene)
as screened with DDRT-PCR clone G3V16. The probe
as labeled with [a232P] dATP by the random priming
Life Technologies), and hybridization was performed as
escribed for Northern blots. A total of 1 3 106 phage
laques were screened using G3V16 cDNA, and a single
ositive clone was identified. By sequence analysis, the
lone identified by G3V16 probe was found to contain a
ull-length coding sequence.
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